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METHODS USED IN EVALUATING DATA FOR THE INTERACTION OF
NEUTRONS 111THLIGHT ELEMENTS (A < 19)*

Leona Stewart +

Los Alamos Scientific Laboratory, Theoretical Division
University of California

Los Alamos, New Mexico 87545

ABSTRACT
In the interaction of neutrons with

alies are observed. In particular, the
light nuclei, many anom-
probability for gamna-ray

production is generally small over most of the neutron energy
range. On the other hand, 6Li, 3He, 1°B, and 7Be have thermal
“absorption” cross sections which range from 940 to 48,000 barns.
1°B is the only light isotope which has a positive Q for a 3-body
reaction, the (n,t2a). As the neutron energy Increases, however,
3- and 4-particle direct breakup and sequential formation cross
sections dominate the nonelastic for D, T, 6Li, 7Be, 10B, and 12C
above a few McV. For higher-mass isotopes, particle emission
(protons and a’s) arc often the preferred nmde for deexcitatlon of
levels excited via (n,n’) reactions, where energetically possible.
Very few o? these partial cross sections have i~ecnnwasured with
the necessary prccisionm Problems are particularly inherent in
experiments on negative Q reactions near the 3-body threshold.
The many-body problem must be trcatcclas several two-body sequen-
tial steps in a theoretical analysis; the emitted particle angular
distribution is required as input, but is rarely known. Prccisc
knowledge about individual partial cross sections is often
important, especially when neutron I:wltiplication,breeding of
fusion fuel, radioactive contamination, depletion or buildup of
the target, energy transfer, or time-dcpmicnt parameters are
rcqulrcd. Specific examples are dcscribcd for the evaluation of
neutron interactionswith light elements which employ isotopir
spin, inverse reactions, charge-conjugate reactions, and the
elastic scattering of charged particles (with Hick’s Limit,).
—

*Work suppnrtcd by the U.S. IMpartmcnt of Energy, Division of
Ncactor Kcscarch and Technology, and Offlccs of Military
Application and IIaslcEnergy Scicncc.

t Currently on loan to Oak Ridqc Nati(ml I.ahoratory,
Enqlrmrinq I)hysicsI]cp,lrtmcnt,[)ilk Nidgc, Tcnnccsscc 37f?30.



INTRODUCTION

The evaluation of neutron interactions-with light nuclei is of
interest for a broad range of applications. Light nuclei are
widely used in flux monitors for cross-section standards applica-
tions, in the production and use as fusion fuels, as absorbers of
low-energy neutrons, as neutron nwderators, and as neutron
multipliers. Air and water are connnonneutron shields. Compounds
containing hydrogen, carbcn, nitrogen, and oxygen are widely
em Ioyed in research and industry.

f
Of the light stable nuclei,

orIy fluorine plays a minor role in applied programs. Since stan-
dards applications are included elsewhere in these proceedings,
these cross sections are not covered in this review. Evaluations
performed using theoretical nndels are described in the previous
paper, therefore this review includes a tabular summary only of
those data (See Table I). This paper will be concerned mainly
with briefly describing the many “tools” which can be employed in
the evaluation of neutron interactions with light element reac-
tions which greatly enhance the reliability where precise theore-
tical analyses are not yet available.

METHODS EMPLOYED AS “AIDS”

Various tools can be employed in the evaluation of neutron
cross sections. They vary in complexity and detail and several are
equally valid for the higher-mass range, though rarely used.
T’hesc aids ai-ebriefly outlined in this section. Examples are
chosen to show the results of !+e use of these tools in the
following section. In the context Gf this review, it would be
impossible to give a concise derivation for each theoretical
method employed but it is hoped that the simple formulation chosen
here will appeal to a wider audience.

Wick’s limit—.

A minimum value of the zero-dcgrcc elastic scattering cross
scction[7] is called Wick’s Limit. It is obtained by assuming that
the real part of the scattering amplitude at zero dcgrccs can bc
ncglcctcd. The imaginary part of the scattering a~plitude,
squared, is simply related by:[7]

It2[UToT(L)12 () 2
O(E,OO) } -—- > 3.03X10-2 * [aT0T(E)12 Elab*

(4m)2
In cvaluatinq neutron cl~stic scattering angular distributions to
zero deqrces, this limit is very useful especially when using
chargrd-particle cxprrimuntal (i~tii and when neutron moasurcr’mnts
do not include smdll an!lles. It also provides a chock on the
Zct.u-dqp’cc cross scctlons ohtainrd fronlLc~(!ildrcfits to expcri-
mentdl dots.
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A note of caution should be borne in mind, hcweverl If the
zero-degree cross sect~on is automatically set to Wick s Limit.
Mhen the real part of the scattering amplitude Is Identically zero
at energy F, the neutron polarization Is also Identically zero at
all scattering angles at that energy.

Charge-Conjugate ReactIons

Charge conjugation results from the exchange of the charge of
the projectile and target nuclei. Since (n-n), (n-p), and (p-p)
forces are the same,* charge-conjugate reactions can be used to
great advantagr in the evaluation of neutroc cross sections and
angular distributions for the light nuclei. For ENDF/B-V, the
following evaluations widely anployed charge-conjugate reactions:

Reaction Charqe-Conjucrate Types of Gatz

n+D p+D Elastic and Non Elastic

n+T p + 3tle Elastic and Non Elastic

n + 3!le p+T Elastic and Non Elastic

n + ‘He p + U}lc Elastic t

In the evaluation of the elastic scattering o: neutrons by
deuterons, n-d data were Scilrce in number and often of poor
quality. Figure 1 shows how the p-d expci-imcnts were mployed,
along with Wick’s Limit, in obtaining the shape and magnit~de of
the n-clangular distribution. A Legcncire fit to the n-d data
alone left much to he desired. In this case, the minimum in the
cross section and the forward-backward peaking were reasonably
WC1l rcprescntcd by p-d scatter.l;lq,ncglectirrqCoulomb inter-
ference at small angles. lt was fortuitous that ~h~ int~ ral of
this Curve agreed with (JTol”- orlOt{to within a few rrtiat !.6 McV.

Phase-Space

To complctc the cvirluationof the n-d interaction, an n-body
code was designed to calculate t.’lcenergy and angle for the
D(n,2n) reaction. By dssumi:I!IccIualprohahility in phase space,
the energy dis~ribution in the ccnt[:r-of-masssystcm of any onc of
the “n” ptrticlcs emitted can bc )~prcscntcd by:

——

*lk~qlcctingCrulomh cffoct~ irndprot.on-rlcutronmass diffcrcncus...

‘tor n + 411c,only the clitsticch~rrncli% npcn up to 20 McV.



where Ei(max) is the maximum energy available to particle “i” and
depends only on the incident neutron energy and the Q-value of the
reaction. The angular distributions, translated into the labora-
tory reference system, are derived from the above equation.
Experimental data for D(n,p)2n and D(p,2p) are essentially all of
the (n,2n) spectral information available for the light nuclei.
A direct comparison of the experimental ll(n,p)2n proton spectra
with phase space calculations is shown in Figure 2 for 14.4-MeV
neutrons. These calculations are normalized assumin

?
the eval-

uated an 2n cross section is 180 mbo In Figure 3, D P,2P) calcu-
lated sp;ctra at 13.9 MeV are compared with the extensive
experimental data. The data were smoothed to obtain the solid
lines. Note that the experimental data indicate final-state
interactions and charge effects between the two id~ntical protons
emitted. The general agreement in magnitude is quite good, esp~-
cially at small angles.

Finally, the sum over neutron energies ploduces a strong for-
ward peaking of the emitted neutrons as seen in Figure 4. The
impnrtant conclusion to he drawn is that the assumption of
isotropy in the center-of-mass system produces large anistropic
distributions in the laboratory system. Near 14 FlcV, the 0°/1800
r~tio is almost 100 for D(n,2n) neutrons.

Inverse Reaction~

A reaction and its inverse arc directly related through the
reciprocity theorem and time reversal invariance. The translation
of a reaction to its inverse (or vice versa) involves only tne
density of states, and the spins and angular momenta of uach par-
ticle in the entrance and exit channels. Uoth the cross sections
and angu”lardistributions of the rroction products are tran:,latcd
in the same manner.

No experiments were available on the ‘tlc(n,p) reaction below 1
MeV even though the cross section is 5327 barns at thermal encr[:y.
Although a l/v shape and magnitude could be dctcrminccl from
medsuremcnts of total cross sections at low rll~rgies, it was
importaritto extend the shc)peto high encrglcs.

‘cdsur~:wsh”(’bccnn’adc’‘“’vcvcr’onthcinvcrscrcdctlon:

p + T ~ n + OIIG- 00764 14cV,

wh!ch, when translated into the n + 311csystcm covcrcd the cllcrgy
r~nqu from approximately 5 kcV to 2 McV. These results shuwcd the
d~vidtion from l/v in addition to a plateau near 1 McV. The
mu,l~ur(wlcntsarc df’scribed In I@f. 1.



The classic example of inverse reactions concerns the photo-
disintegration of the deuteron. A sin, cross-section data on this

?reaction were translated into the H(n,y)D system in order to
extend the evaluation from thermal to 20 McV. This example was
taken from the evaluation of Horsley.i12] The calculations from the
inverse reaction compared well with a direct measurement near 14
MeV .

The concept of isospin* was first introduced by Heisenberg as
a method fcr labelling two alt~rnative charge states, neutron and
proton, by app”,ying the Pauli spin matrix notation. Simply
stated, isospin is a shorthand way of representing the charg~
independence of nuclear forces. flcomplete derivation cannot be
included in th;s review, t instead, use is made of the formula:

where N is the number of neutrons and Z the nuclt?erof protons in
the nuclei whose mass mmbcr is A. usually referre+ to as
“isobaric nuclei”. As in physicai spin, 7,
(or

I-ig
ass’
btle
in

takes .:1all integc~
half-integer) values bct;icen -T and +T;

A5diagram[13] for the mass-six isobaric nuclei is shown in
L From Eq. (l), the lwcst value of sospirl (T = O) is

gncd to the ground state of 6Li, w~:ich s the stable nucleus.
and blk fcrm a (T ❑ 1) triplet wit[~the second cxcitcd state
Li with Jn ❑ Cl+. Since 6}1and “IIdl not exist, isospin states

with T > 1 have not kmcn obscrircd. Note that isnspin states T = O
and T = 1 arc allovicd in bLi while states in 61{cand “l\chave only
T=l. States with the sane isospin have tbc same Jn and thcrc-
folc the sar:lcwave function. Sincu isospin is a good quantum
numbrr, it hds b~c~rw a powerful tool in the interpretation of
c+pcrilflcntdldata ncwicd tor thr evaluation of neutron interac-
tions with nuclei.

L[}11PAI+15!III(11L1411r/l!-VCR055 SICTIOtlS

I“hc ovdluatcd totdl cross ~rctions for hydrogen ant-ihelium
isr)topc{.),IICshowrl in I“iq.6. lxce~~t for the well-known
P3,? rcsor~hncu in bllr,only broad structuru is ohscrved. The
bro,ldmrxi’wml near 3.4 McV in ‘IIhds hccn assignwl as a 2-, T=]
—— —.. .—

*IIIPtcrl;lsisospin, isotopic
int.1’r.~tlant](’,ll)lythroughout the

tSrl’ th~ previous p(lp:.rby C
inform ltiono

spin, and i:)[~h;lricspin are used
itf!raturc.

M. Ildlc for additional



state consistent with ‘itsisobaric antilogue in ‘He and ‘Li
although a phase-shift analysis implies two and possibly four
states to this level (See Ref. 14). Since, all of these levels
decay by particle emission: unique assignments are difficuit. The
nonelastic cross sections for D, 1, and ‘He are smooth.

Total cross sections for bLi, 7Li, and ‘Be are compared in
Fig. 7. The peak in ‘De near 2.8 NeV ascribed to two levels is
not seen in the evaluation rnr the (n,2n) cross section (Fig. 8),
although the (n,2n)2a reaction thres!lold is well below this
energy, and all levels The1,13Ce decay by neutron emission.
shape of the evaluated total cross section for ‘Be above 10 !IcV is
not borne out by available experimental data or theory. bLi is
the lowest mass nucleus for which inelastic scattering is possible
but all c~cept the 2nd level decay by the emissifinof a + d. The
(n, n’y) cros~ sections for the second level were not available
cxccpt as upper limits but the values assumed ale small due to its
Jq aildT assignment. This T ❑ 1 state col-responds to the isobaric
ground states of “lieand bBc, therefore the shape and magnitude of
the bLi(n,p)htic cross section were assumed. ‘ii is the lightest
nucleus which shows a significant (n,n’y) cross section (Fig. 9).
This 478-keV level is rarely separar)le from the elastic peak in a
neutron scattering experiment except at low energies so this eval-
uation was based on y-ray measurements. Duc to tkiespir~and
p~rity of the level, y-ray emission is isotropic so that an angu-
lar distribution measurement was not required. Several problems
p~rtaining to the nonelastic cross sections and the energy-anqlllar
distributions of neutron production will hc clisc:lssedin rnorc
detail in the next sect.ian.

The tctal cross sdction~, for
Fig. 10. Here the structure’ is s.
noted in Tah’lu I, an R-matrix aria”
UiItjOfI Of C (JPto4.8McV. Above

UIJ 1 1[], and C are shown in
gni’ficant, especially for C. As
ysis was used for the eval-
this enerqy, the inelastic

cciittcrinq from the 4.44-MeV lCVC1 comes in very stroo!llyand, in
fact, shows resonance t?ffccts as seen from I“io 11. Thu anomaly
rear 15 MeV is not real. !iincc lUU is usmi as a standard and as
an ahsorbcr at low energies and i!l:is nat very important, C has
been chosen to rcprcsurrt the various partials which make (JPthe
total noncldstic cross zcctions. AL seen frcm rig. 12, the total
(n,n’) is made up of thr=(n,n’~) ?n(i (n,n’3m) rcactionq. All of
th(~partials show structure hclow 10-12 McV. Note the large
4-hofiy cross section which domirmtcs the conclastic cross section
i-lt!ovc14 t“lcv. In the evaluation, various 12C levels were assigned
to allow correlation bctwcerr the (v,n’) nr:)t.roncnrruy and anqlc
so that a very small part of the cross section is left in thu so-
call~d “continuum” whrrc energy-arrglc effects are lumped.

The nonclas:ic cross sections for ‘“N, 1“0, and lYF arc shown
in I-iq.13. Althoutlh (n,n’y) cross :,1’ctionq hccnmc much larger
for these nuclei, it thould bc noted that, at high-excitation



energies, the target often decays via particle emission and these
are labeled in ENDF/B-V by flags. Otherwise it would be
impossible to check the gamma-ray production cross sections or to
calculate hydrogen and helium isotope production induces by
neutrons.

As mentioned previously, the representation of continuum
neutrons for 3- and 4-body reactions is a difficult task for light
nuclei. Improvement can be obtained by assuming that a target has
bands of excitation energies (E ~ AE), with the “real” levels
superimposed. These bands can the~ represent sequential modes of
fornation and decay of the levels and they preserve the erergy-
anqular distributions of the a,,ittcd neutrcns. Similar treatment
is often made for heavier nuclei when a band of levels could not
be effectively separated into each compcsite part.

The treatment of the bLi(n,n’ci) reaction for 5.74-HeV neutrons
is compdred with expcrincntal measurements in Fi!;.14 at two
angles. The experimental data[16] contain the elastic peak while
the calculatiorls include several bands of le’’elsplus two real
levels at 2.2 and 3.5 MeV. Note that the Version IV evaluation
took no account of the energy and angular correlation of the
neutrons so that neutrons could be emitted at 134° with energies
higher than “allowed” by k.incrlaticsfor the elastically scattered
neutrons. This type of analysis c~~rtainly allm~s encrly to be
conserved and energy-anqular correlations to be used, thorchy
improving the quality of the evaluation. For mare details, s -
Ref. 17. The saw trcatncnt has bccllapplied in rcprcscntinq the
‘Jl;c(n,2n)2f1rrdrtion, which is duscrih:?d with r,,.nycorlparisons in
Ref. 15.

!
Althouq ~tl,tll~t.tcrresults ~rc not END1/1~-V duu to for-

mat rurtrlctions, they arc available in the [!!lJ1/11format alnnq
~ith uncurtaint,y files, the only rcquircrlc’ntis thiitthr (n,n’)
d~t.abc Inultipllcd hy two to obtain th[’tot~l nuvlhrr o; neutrons
in the exit channpl.

[or the light isotopcc, scvrrdl prohlemt, remain of which a few
~rr illlpvrt,lntand oth[’rs arc intcr(’stirl~l.Iirst. antiforcmoctt is
tho nerd fr~ra format to represent the rrror files for the hy(iro-
gcn dnd cdrhon qtanddl’ds. Iiydrogt’nand carbon are scdtt[’rin!~
stanrl~rds which in!crs that the (In!luldrdistributions of thr
nputrons IIII15Lht~vcsome statcmrnt of error ~n~lcorrc’latior. The
crrurs on thv cross s(’ctions, whicl: ~ru ~;l onu find~ in the files
tO(tdy, ,11”(7 SII1llll Col;l[)df ’(!il tu the uncrrtdinti{ls on thu angular
diqtril~ut,ions.



Second, it is important to note the difference between data
measured for an isotope and for a material. For example, is the
“C resonance included in the analysis for ‘2C? Is the material
labeled C or ‘2C? One knows, a priori, that most of the measure-
ments are made on a material while an R-matrix analysis considers
12C and 13C separately. The reaction cro~s sections, are usually
attributed by virtue of the Q-value to 12C. These commants are
not restricted to the carbon evaluation. They are directed,
instead, to a clear and cancise method for labelling, if one can
be found.

Third, a better method is needed for representing (n,2n) and
(n,3n) energy and angula? s~’ctra for the light nuclei. The data
can certainly be calculated today better than they can be rep?e-
selted in the EN@F files. In fact the representation for all con-
tinuum reacl ions for light nuclei needs improvements.

Fourth, to the author’s knowledge, several isotopic evalua-
tions are not in reliable condition. The “correct” way to i~llprove
the evaluations is not at all obvious from recent rneaslJrencnts.
Perhaps the most important arc the fuel-breeding reactions,
bLi(n,n’d) and ‘Li(n,n’t), above a few IleV.

The bLi(n,n’d) reaction is compared with ~CaSUrPMMItS Of the
total emission cross section ar?dthe Version V evaluation
in Fig. 15. klhilc the errors on the rncasurements are considerable,
they certainly do not overlap each other nor, above 6 MeV, the
evaluated curve. The Drake data suggest that the evaluation
should be higher and the Rosen measurements imply that the eva-
luation should be lower. Perhaps it should be noted that both
Ilopkins and Drake measured the total mission spectrum, including
the (n,2n) reaction which has a 4.3-MeV threshold, wh;lr the n-d
stJr was observed by Iiosel.

P consistency check was made by comparino the bLi elastic
scattering mcasurcmcnts with CNDl”/15-V(Fig. 16) since all other
partials arc small compared to the cross sections snuwn in Fig.
15. This Comparison indicates that the elastic could be 10Wf2rC~

below about 5.5 McV, remain the same near 5.5 MeV, and could be
lnwrrcd ~ppreciahly at higher neutron crrcrgics, except 14 M-’V.
The on”Iyother obvious alternative would be n large (n,?n) cross
section which would be contrary to the imprecise data available
and hardly seems likely. It sholjldbc noted, however, that energy
spuctra of the emitted neutrons I,avcbeen compared among these
measurements and the lJrgcst discrepancies al;longthe data app~?ar
for the emission of neutrons below 1 MeV.

The ‘Li(n,n’t) reaction is shown in Fig. 17. Again, a hiqh
and low data set crist except that now thr Rorcn data arc high
rather than low. Th~ Swinhoc cxpcrimcnts invc)lvcdrccovcrinq and



.’

measuring the tritium produced in the samples, as did the nwasure-
ment by Uyman (not represented). The Uynan data reproduced the
Rosen data near 14 NeV. Rosen observed the t + a star in
emulsions.

When compared to experiment, the ENDF/B-V evaluation on the
elastic scattering of neutrons by ‘Li (Fig. 16) does not fare so
badly since all of the measurements except the first point by
Hopkins include the 478-keV inelastic level in the elastic angular
distributions. A successful method fo- correctly representing the
angular distributions of the neutrons scattered from this level,
is not yet clear.

The ~itr~gen evaluation could stand some updating fOr variGuS
partial cross sections but these are small contributions to the
total nonelastic cross section. The IIB evaluation has not been
updated nroperly since Version I and is perhaps the least reliable
of all the evaluations of the light isotopes.

C@NCLUSIOtJS

Although mst evaluators of EKDF materials are not par-
ticularly conccrncrl with light nuclei, the mthods outlined here
are often useful in many applications. For exa~ple, the X(u,n)Y
reaction gives a lower limit on alpha-particle production for the

inverse reaction for all nuclei since it cnrrcsponds to the
ground-state transition.

In this review, it has been shown that isospin, chargc-
con.jugdtc reactions, phase-space ar!lumcnts, and charge~i-pdrticle
cross sections can often bc used to improve the evaluations for
light isotope reactions. A prccisc, thc?orctical treatment of the
Cr)l-lplcteSystcm, however, is the rccomwcndud proccdurc, where
practical.

I wish to express my ~l]prrciationfor thr assistance and
cooperation from the Oak Ridge Natinnal Lalmratory staff in pre-
paration of this rnanus:ript. 1 would like to thank Patty Iloitand
Ann Ilcuston for nrcparin!l the manuscript.
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